Abstract: A three-dimensional dual-band perfect absorber in the THz range (3-10 THz) is theoretically investigated. The absorber is composed of periodically placed cross-and diskshaped graphene arrays on the top of a gold layer separated by a thick SiO 2 dielectric spacer. The simulated results show two absorption peaks with near-unity absorbance (99.923% and 99.601%) at wavelengths 43.747 μm and 69.94 μm, respectively. Also, the absorber is insensitive to the polarization of the incident light and has a good tolerance to the incident angle whether it is TE or TM waves. Moreover, the peak wavelengths of the absorber can be flexibly modulated by varying the Fermi level μ C of graphene while no need to refabricate the structure. This paper provides a new perspective for the design of graphene-based tunable multiband perfect THz absorbers, but not limited to THz absorbers, and may also be used in other THz graphene-based photonic devices.
Introduction
Metamaterials (MMs) are a kind of composite materials consisting of artificially designed electromagnetic structures and have attracted the growing research interest over the past decade due to the extraordinary electromagnetic characteristics, such as negative refraction [1] , [2] , superlen [3] , [4] , backward wave [5] , [6] and cloak [7] , [8] . In recent years, metamaterial perfect absorbers (MPAs) with sub-wavelength scale have become a widespread research hotspot since the theoretical suggestion and experimental demonstration [9] . Up to now, many different configurations of MPAs have been reported in almost all frequency bands, including optical [10] , [11] and infrared range [12] , [13] , and terahertz (THz) [14] , [15] and millimeter-wave [16] band. Among them, the application of THz MPAs is especially important in many fields, such as bolometer, biomedical and chemical sensing, photodetector, photothermal conversion, and so on. However, most of the investigations are mainly focused on the single-band MPAs, and the research of multi-band and broadband MPAs is rarely involved. That is because the strict restrictions make it difficult to implement dual-band or multi-band perfect absorption with simple absorber structure. Actually, someone has designed and studied some composite structures, such as two or more in-plane resonant units with different shapes [17] , [18] , or layer-by-layer stacking multiple resonators with different sizes [19] - [22] , or nanowire arrays [23] , but most of them are mainly focused on the modulation of absorption strength [24] , [25] . In addition, there are a few literatures about the mechanically tunable dual-band and broadband absorbers [26] , [27] , but the tunability is still not flexible for the real applications.
Graphene, as a two-dimensional (2D) material with a single layer of carbon atoms in a honeycomb lattice, has attracted great attention from researchers [28] - [32] since it has been verified to exist in nature [33] . Especially, owing to the band gap of greater than 0.5 eV, graphene has facilitated the progress of tunable sub-wavelength devices [34] . In addition, because the Fermi level of graphene can be adjusted by external bias voltage or optical pump, its conductivity and carrier mobility can be tuned to support the surface plasmon polaritons (SPPs) like noble metals or doped semiconductors in infrared and THz range. Because of these advantages, graphene-based metamaterial absorbers have won the favor of the researchers. Several groups have reported the theoretical analysis of tunable MPAs operating in THz range using a variety of configurations, such as the arrays of graphene nanodisk [35] , micro-ribbons [36] , [37] , heterostructures [38] as well as the combination of cross-shaped gold wires and graphene wires [39] , but these structures support only one narrower absorption band. Besides, the broadband absorbers consisting of multiple graphene nanoresonators [40] or multilayered graphene structures [41] , [42] , which operate at far-infrared range, have been proposed. Recently, dual-band absorbers based on graphene [43] and graphene/MgF 2 multilayers [44] have been designed in mid-infrared range. In THz region, polarization-insensitive dual-band absorbers based on graphene/SiO 2 /Au have been discussed too [45] .
In this work, an absorber based on graphene array is designed and theoretically investigated, which is composed of periodically placed cross-and disk-shaped graphene array on the top of a gold layer separated by a thick SiO 2 spacer. The simulated results show that the absorber has two nearly perfect absorption bands in THz range (3-10 THz) and their peak wavelengths can be flexibly modulated by varying the Fermi level. The proposed absorber is polarization insensitive and can maintain the nearly perfect dual-band absorption in a wide range of the incident angle. Also, the absorption spectra, the field distributions, the surface current densities, and the normalized wave impedances are discussed in detail.
Structures and Methods
The structures shown in Fig. 1(a) and (b) are respectively composed of cross-shaped and diskshaped array of graphene layer placed on the top of a gold layer separated by a thick SiO 2 spacer. Fig. 1(c) shows the schematic diagram of a composite absorber structure, which is formed by the two basic structures presented in Fig. 1(a) and (b) . The bottom Si substrate is used to protect the whole device against accidental mechanical damage. For the purposes of discussion, the three structures are named as Structure I, Structure II and Structure III in turns. Fig. 1(d) -(f) are respectively the top view of a unit cell and its geometry parameters of the three structures. The parameters L , W and S = (L − W )/2 are respectively the length, width and wing length of the cross-shaped graphene. The parameter r is the radius of the disk-shaped graphene, and P is the period of a unit cell. The thickness of SiO 2 spacer, gold layer, and Si substrate is denoted by T 1 , T 2 , and T 3 , respectively.
It should be pointed out that, in practice, the large-area graphene film can be grown using the optimized liquid precursor chemical vapor deposition method and determined to be single-layer through Raman measurements. The electron-beam lithography is used to pattern the graphene film into cross-and disk-shaped structures, and the exposed area can be etched away by the oxygen plasma [46] .
Here, graphene arrays are modeled by the surface conductivity [47] , [48] : which is the sum of the intraband and interband conductivity. Here, i is the imaginary unit, −e is the charge of an electron, is the reduced Planck's constant, ω is the angular frequency of the incident light, = 1/2τ is the phenomenological scattering rate with τ being the electron-phonon relaxation time. In addition,
is the Fermi-Dirac distribution with k B being Boltzmann's constant, T = 300K being the room temperature, and μ C being the Fermi level. Within the bands of lower THz and far-infrared, one will have μ C k B T , and then the interband conductivity of graphene can be neglected according to the Pauli exclusion principle. Thus, the Eq. (1) can be approximately simplified as a Drude model:
The real and imaginary parts of the surface conductivity as functions of the incident wavelength and the Fermi level when τ = 0.5 ps are shown in Fig Because the spectral shift and the amplitude modulation of the resonance are determined by Im(σ) and Re(σ), respectively [49] , one can adjust the τ and μ C by chemical doping, bias gate voltage or optical pump to achieve the tunability of the designed absorber, e.g. the absorbance and the resonant wavelength of the absorption peaks. Here, the proposed structures and their absorption performances will be optimized and investigated by COMSOL Multiphysics based on the finite element method, where the periodic boundary conditions are applied in x-and y-direction, and the perfectly matched layer absorbing boundary conditions are employed in z-direction. The non-uniform mesh is used to ensure the accuracy of numerical simulations. The numerical method has been verified by studying the problems in [45] , [50] - [52] . According to the energy conservation, the absorption can be given by A (λ) = 1 − R (λ) − T (λ), where R (λ) is the reflection and T (λ) is the transmission. Since the thickness of the Au film used here is much larger than the typical skin depth, the transmission can be inhibited. Then, T (λ) = 0 is always satisfied in this paper, and the expression A (λ) = 1 − R (λ) is used to discuss the simulation results. So the perfect absorption A (λ) = 1 can be achieved if R (λ) = 0 is satisfied. Theoretically, as long as the normalized wave impedance meets z → 1, there will always be A (λ) = 1 [53] . 
Simulations and Discussions
Firstly, the absorption performance of the basic Structure I and II at normal incidence will be studied. Because of the symmetry of the structures, the polarization direction of the normally incident TM wave is set to be along the y-axis. Based on many preliminary works of structural design and parameter optimization, the geometry parameters of the proposed structures are taken as L = 2.35 μm, P = 3.0 μm, T 1 = 4.7 μm, and T 2 = 0.45 μm, respectively. The relative permittivity of SiO 2 and the conductivity of gold are r = 3.9 [38] , [48] and σ A u = 4.7 × 10 7 S/m [45] respectively. The absorption spectra of Structure I with different wing length S of the cross-shaped graphene is presented in Fig. 3(a) and (b) is for structure II with different radius r of the disk-shaped graphene. It can be seen in Fig. 3(a) that there are two higher absorption peaks in the considered wavelength range, but they can not reach nearly unity at the same time. With the increasing of the wing length S, the long wavelength absorption peak is firstly blue-shifted and then red-shifted, and the change trend of the short wavelength absorption peak is just opposite. For the case of Structure II shown in Fig. 3(b) , one can see that there is only one absorption peak, and the spectral line has an obvious red-shift with the increasing of r . Meanwhile, along with the red-shift of the absorption spectrum, a new absorption peak corresponding to higher order resonance will occur.
The distributions of the electric field |E | and the magnetic field |H | along different cut-planes of Structure I and Structure II at the different peak wavelengths are shown in Fig. 4 under the case of S = 0.575 μm and r = 0.65 μm. When the resonance wavelength λ = 68.7 μm, as shown in Fig. 4(a 1 ) , one can find that the localized surface plasmon resonance (LSPR) is excited along the horizontal part of the cross-shaped graphene, which demonstrates a strong electrical dipole resonance and can capture a part of the incident energy in the SiO 2 layer near the graphene. Furthermore, the polarized positive and negative charges will be accumulated at the two ends of the cross-shaped graphene, which will further lead to the excitation of the antiparallel surface current between the top graphene layer and the bottom gold layer, forming a magnetic resonance, and which can be seen from the magnetic field distribution along cut-plane x = 0 as shown in Fig. 4(a 2 ) . Actually, both the electric and magnetic resonance will lead to the confinement and the dissipation of the incident electromagnetic energy, and as a result, a perfect absorption band occurred. Meanwhile, it can be found from Fig. 4(b 1 ) and (b 2 ) that the electric resonance now is formed at the four corners of the vertical part of the graphene cross, and the magnetic resonance remains in the layer of SiO 2 between the graphene and Au layers, which will result in the absorption peak at λ = 39.25 μm.
For the Structure II, because the dimension of the disk-shaped graphene is far less than the incident wavelength in our considered band, the disk-shaped graphene resonator can be treated as a dipolar antenna [46] , [54] . Thus, the electric resonance in the disk-shaped graphene can be attributed to the excitation of dipole or multipole plasmonic mode. The oscillation of LSPR further leads to the light trapping and local field enhancement around the graphene disk and in the nearby SiO 2 layer, which is responsible for the absorption peaks shown in Fig. 3(b) . The electric field distribution in the graphene disk and the magnetic field distribution along the cut-plane x = 0 at wavelength of λ = 40.7 μm are respectively shown in Fig. 4(c 1 ) and (c 2 ), and these two simulated results confirm the theoretical analysis.
By far, the absorption features of the two basic structures shown in Fig. 1(a) and (b) as well as the field distributions have been studied. However, as shown in Fig. 2(a) , because Re(σ) will increase with the increasing wavelength for a fixed Fermi level, it will bring larger loss. Consequently, the quality factor of LSPR formed in the cross-or disk-shaped graphene [55] will decline. As a result, the Structure I or Structure II can not realize the perfect dual-band absorption. Something interesting is that in [56] - [59] , the authors have achieved simultaneously the dual-band perfect absorption by controlling the geometric parameters of the structures, but the absorption is sensitive to the polarization angle. Inspired by the results, a new composite absorber structure including both crossand disk-shaped graphene is designed in this paper, as shown in Fig. 1(c) . Below, the absorption properties, the sensitivity to the polarization angle, the dependence on the incident angle, and the tunability of Structure III will be investigated.
According to the optimized parameters used in Fig. 3 , a perfect dual-band absorber is designed as shown by Structure III, of which the geometry parameters are set as L = 2.35 μm, S = 0.575 μm, and r = 0.65 μm. The red curve in Fig. 5(a) and (b) respectively represents the absorption and reflection spectrum of the designed composite structure under normal incidence. For comparison purposes, the corresponding absorption spectra of Structure I (blue curve) and Structure II (green curve) are also shown in the figure. From it, one can find that there are two absorption peaks occurring at λ = 69.94 and 43.747 μm in the absorption spectrum, and the combination of the new structure makes the absorbance of the two peaks close to 100%. The full width at half maximum (FWHM) and the quality factor are 10.02 μm and 6.98 for the long wavelength absorption peak, and are 4.38 μm and 9.9817 for the short wavelength one, respectively. This means that the dualband perfect absorption in Structure III can be achieved. Also, compared with the Structure I and Structure II, the absorption spectrum of Structure III has a slight red-shift, which is due to the coupling between the cross-and disk-shaped graphene. In fact, in terms of the equivalent L C circuit model, it is known that λ ∝ √ L C. And the composite Structure III will increase the capacitance effect, which causes the red-shift of the resonant wavelengths.
The electric fields |E | along the graphene surfaces and the magnetic fields |H | at wavelengths of λ = 69.94 and 43.747 μm are indicated in Fig. 6 , where the white arrows indicate the surface current density. From Fig. 6(a 1 ) , one can find that the absorption peak at long wavelength is mainly attributed to the LSPR formed at both ends of the horizontal part of the cross-shaped graphene. Fig. 6(a 2 ) and (a 3 ) are the distributions of |H | along cut-planes x = 0 and x = P/2, which indicate that the magnetic resonances are effectively confined in the SiO 2 interlayer between the graphene and gold layers. What is shown in Fig. 6(b 1 ) is the distribution of |E | corresponding to the absorption peak at the short wavelength, which indicates that the electric resonance occurred at the four corners of the vertical part of the cross-shaped graphene and the two sides of the graphene disk. The distributions of |H | shown in Fig. 6(b 2 ) and (b 3 ) show that the incident light energy is trapped near the graphene Furthermore, it is well-known that the definition of the normalized effective surface impedance can be written as [60] , [61] :
where S 11 and S 21 are the scattering parameters. Thus, in terms of this equation, the calculated effective surface impedance as a function of the wavelength is shown in Fig. 7 . The inset is the enlarged view of the rectangle region marked by the blue-dashed line. It can be seen that at the two peak wavelengths (see the red curve in Fig. 5 ), the real part of the effective impedance is close to 1 while the imaginary part is close to 0, namely, z ≈ 1 is satisfied now. So according to the impedance matching condition between the free-space and the MPA, the perfect absorption will be obtained at these two peak wavelengths. And at this time, the incident electromagnetic fields are highly absorbed by absorber Structure III, which further proves that Structure III is a dual-band perfect absorber. In the aforementioned studies, the absorption performance of Structure III at normally incidence with the polarization along y-axis have been investigated. Next, the sensitivity of Structure III to the polarization angle and incident angle will be studied under the same parameter conditions as Fig. 5 . Fig. 8(a) presents the dependence of the absorption spectra of Structure III on the polarization angle, where the polarization angle changes from 0
• to 45
• due to the C 4 symmetry of the structure. From it, one can find that the proposed structure is independent of the polarization angle for the normally incident TM wave. Meanwhile, thanks to the characteristics of the structure, numerical simulations also proved that the result is the same for the normally incident TE wave. Now, the absorption spectrum of Structure III at oblique incidence is to be discussed for the TE and TM incident wave. For the TE wave, as shown in Fig. 8(b) , the change of the incident angle within a proper range has only a little effect on the magnetic resonance [62] , hence nearly perfect dual-band absorption can be observed for the incident angle up to 45
• except for some slightly spectral broadening. If the incident angle is beyond 45
• , the parasitic resonances inside the MPA derived from the dramatic increase of the incident angle and the compact arrangement of the graphene structure will cause the absorption band to split. As for the TM wave as shown in Fig. 8(c) , if the incident angle is in the range of 0
• ∼ 70 • , the nearly perfect dual-band absorption can be maintained. But when it increases over 70
• , the peak absorbance will decrease rapidly. Because the contacting area of the electric field occupied by the graphene surface, that is, the effective size of electric resonance will become very small at this time, therefore, it is difficult to drive the magnetic resonance [62] . Besides, the two absorption bands both have a small blue-shift, and the short wavelength absorption band becomes narrower for the bigger incident angle. The performances shown here are much better than the same type of absorbers, such as Structure I and Structure II.
Finally, the influence of the Fermi level μ C and the relaxation time τ on the absorption spectra of the proposed Structure III is discussed. Fig. 9 (a) presents the simulated results for different values of μ C under the case of τ = 0.5 ps. One can find that, as μ C varies from 0.35 eV to 0.7 eV, the long wavelength absorption peak will shift from about 81.741 μm to 60.741 μm and the short wavelength will simultaneously shift from 51.983 μm to 37.069 μm. The calculated modulation depth of the resonant wavelengths can arrive at 25.69% and 28.69%, respectively. At the same time, the peak absorbance of the two absorption bands both increase firstly and then decrease in the scope of 84.168% ∼ 99.762% and 86.183% ∼ 99.923% with the modulation depth being 15.63% and 13.75%, respectively. In fact, the peak wavelength of the MPA can be roughly written as λ = 2πc √ L C, where c is the speed of light in vacuum, C is the total capacitance, and L is the total inductance. Thus the increase of μ C will lead to the decrease of L [63] , and as a result, the shorter absorption peak wavelength. In addition, one can understand from the result shown in Fig. 7 that the impedance matching condition is nearly satisfied at μ C = 0.5 eV. So, increasing or decreasing the value of μ C will lead to the deviation of the impedance matching condition, which will further result in the decrease of the absorption peak. Moreover, the blue-shift speed of the long wavelength absorption peak is faster than that of the short wavelength one owing to the larger change of Im(σ) [49] . The above results also show that, compared with the MPA using noble metals, the absorption spectra for the MPA using graphene can be flexibly adjusted by tuning the graphene Fermi level without refabricating the geometry structure [64] . In the experimental and practical applications, to achieve the tunability of the graphene Fermi level for the proposed absorber, the ion-gel top gate bias can be considered according to [46] , [65] - [67] . At first, an ion-gel layer can be added to the top of the proposed structure, then a gold electrode will be directly deposited onto the ion-gel layer to serve as a top gate for the electrostatic doping. In this way, the ion-gel layer is served as a transparent spacer layer between the input light and the graphene layer, and then the carrier concentration of graphene can be changed by the top gate bias voltage in terms of μ C = υ F √ N c π, where υ F = c/300 is the Fermi velocity and N c = 0 g V g /(eT g ) is the carrier concentration with g , V g and T g being the permittivity of ion-gel, the gate voltage and the thickness of ion-gel. As a result, the graphene Fermi level can be effectively tuned. It should be noted that the addition of ion-gel will slightly shift the plasmon resonance wavelength, but the shift can also be tuned by the top gate voltage. Fig. 9(b) shows the absorption spectra of Structure III for different relaxation time τ while μ C = 0.5 eV is fixed. From it, one can see that, when the relaxation time is tuned from 0.08 ps to 7 ps, the two absorption peaks vary in the range of 27.869% ∼ 99.601% and 27.474% ∼ 99.923%, and the corresponding modulation depths are 72.02% and 72.5%, respectively. To be noted is that the locations of the absorption peaks did not change except for the gradually narrowed bandwidth resulting from the decrease of Re(σ). Furthermore, the absorbance of the two peaks increase firstly and then decrease when the relaxation time increases. Especially, the two absorption peaks reach the maximum at τ = 0.5 ps, which implies that the carrier concentration relative to the plasmonic oscillation approaches saturation at τ = 0.5 ps and μ C = 0.5 eV. If the value of τ is too large or too small, a part of the energy will be reflected, leading to the decrease of absorption. In fact, according to the definition of the relaxation time τ = μμ C /(eυ 2 F ) with μ being the carrier mobility of the graphene, one can easily adjust the value of τ by changing μ. And the method in Ref. [46] , [68] can be used for a reference, that is, if the organic molecules are placed above and below the graphene layer, the carrier mobility μ can be obviously enhanced and then the increasing of the relaxation time.
Conclusion
In summary, we have proposed a new type of absorber structure consisting of periodically arranged cross-and disk-shaped graphene array on the top of a gold layer separated by a thick SiO 2 spacer. The absorption performances of the proposed Structure III as well as the two basic structures have been studied in detail. The results have shown that when the Fermi level μ C = 0.5 eV and the relaxation time τ = 0.5 ps, the Structure III has two absorption bands with near 100% absorbance at the wavelengths of 43.747 μm and 69.94 μm. Meanwhile, theoretical results also proved that the corresponding effective impedance approximately meet the matched condition of z = 1 at this time, and thus the perfect dual-band absorption is achieved. Also, it has been shown that the proposed structure is polarization-insensitive and exhibits larger tolerance to the incident light angle for both TE and TM wave. Finally, the tunability of the absorber has been explored. It is remarkable that the proposed perfect dual-band absorber is not only easy to manufactured by the reported technology, but also is adjustable in its transmission properties. This work provides a new idea for the design of graphene-based THz compact photonic devices in various potential applications, such as absorbing, sensing, imaging, detecting, filtering, and so on.
